DNA or RNA strands that are composed stretches of guanines (G-tracts) divided by other bases are able to form Gquadruplexes, a tetra-helical structure with stacked G-tetrad planes connected by Hoogsteen hydrogen bonds and stabilized by cations such as Na+ and K+ (Largy et al. 2016; Neidle et al. 2006; Neidle and Parkinson 2003) . Inter-or intramolecular Gquadruplex structures are polymorphic and can form parallel or antiparallel structures based on the orientation of the strands in a G-quadruplex. G-quadruplexes have been revealed in human cells using an antibody and small molecules (Biffi et al. 2013; Hansel-Hertsch et al. 2017; Henderson et al. 2014 ) and shown to play important roles in numerous processes such as DNA replication, recombination, transcription, translation, and telomere maintenance (Blackburn 2001; Cahoon and Seifert 2009; de Lange 2002; Jiang et al. 2018; Kumari et al. 2007 ; Lei et al. 2004; Lopes et al. 2011; Paeschke et al. 2011; Siddiqui-Jain et al. 2002) . In addition, G-quadruplexes have been implicated in neurological diseases such as amyotrophic lateral sclerosis (ALS), ataxia, and fragile X syndrome (Simone et al. 2015) . And the presence of putative sequences forming Gquadruplexes has also been reported in various viral genomes (Metifiot et al. 2014) .
Therefore, these findings made G-quadruplexes attractive therapeutic targets for anti-disease/virus drug design (HanselHertsch et al. 2017; Neidle 2012; Raffa et al. 2018) . To date, thousands of small compounds have been reported to bind with G-quadruplexes through stacking with the terminal Gtetrad layer typified by the structure of the bimolecular human telomeric quadruplex, d [TAGGGTTAGGGT] 2 , in complex with the anti-cancer drug BRACO-19 (Campbell et al. 2008) . However, the inherent structural polymorphism of Gquadruplex implies that a unique G-quadruplex conformation could be recognized by a specific ligand. In this light, knowledge of the precise 3D-structure is important and required to design highly specific ligands capable of discriminating the diverse G-quadruplex topologies/structures.
Intramolecular human telomere G-quadruplex structures formed in K+ solution
Over the past 30 years, eight distinct intramolecular Gquadruplex structures were observed for human telomeric d[GGGTTA] n sequence including parallel, hybrid, antiparallel basket, and (2 + 2) form (Ambrus et al. 2006; Dai et al. 2007a; Dai et al. 2007b; Lim et al. 2009; Lim et al. 2013; Parkinson et al. 2002; Phan et al. 2007; Wang and Patel 1993; Zhang et al. 2010) (Fig. 1a-h ). All of these reported structures contain the central d[(GGGTTA) 3 GGG] core, named htel21, and the final folding depends on the flanking sequences at the 5′ and 3′ ends.
However, accumulating studies imply the existence of unreported antiparallel chair-type G-quadruplex structures (Aznauryan et al. 2016; Gray et al. 2014; Hou et al. 2017; Mashimo et al. 2010) . Recently, a novel G-quadruplex folding has been observed for htel21_Br-8,20, two 8Br-dG substitutions at 8 and 20 positions of htel21 (Geng et al. 2019) . It adopts a unique chair-type G-quadruplex fold with three G-tetrad layers (Fig. 1i) . Particularly, T5 and T17 are coplanar with two water molecules stacking on the G-tetrad layer in a sandwich-like mode through a coordinating K+ ion and an A6•A18 base pair and a twisted Hoogsteen A12•T10 base pair caps on the G-tetrad core. Importantly, the stacking interaction through this sandwich-like stacking mode plays a key role in stabilizing the unique chair-type structure and driving conformational equilibrium toward this novel three-layer chair-type fold.
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Interestingly, an antiparallel chair-type G-quadruplex has also been found to be formed by a native sequence located in subtelomeric regions of human chromosomes 8, 11, 17, and 19 as well as in the DNase hypersensitive region and in the subcentromeric region of chromosome 5, named as htel21T 18 with a T substitution at A18 of htel21 (Liu et al. 2019) (Fig. 1j ).
htel21T 18 also adopts a chair-type G-quadruplex fold with three G-tetrad layers. However, the loop-loop interactions in the structure of htel21T 18 are mediated by reverse Watson-Crick A6•T18 base pair and an additional hydrogen bond between T5 and T16. Although both htel21_Br-8,20 and htel21T 18 adopt the same topology, interestingly they are different in the content + solution, i the chair-type Gquadruplex structure formed by htel21_Br-8,20 in K+ solution and the detailed loop structures of T4-T5-A6 and T16-T17-A18 in which the hydrogen bonds are shown in dashed lines, and j the chair-type G-quadruplex structure formed by htel21T18 in K+ solution and the detailed loop structures of T4-T5-A6 and T16-T17-T18 in which the hydrogen bond of the A6•T18 base pair and T5(H3)…T16(O4) is shown in dash line. anti and syn guanines are colored in cyan and magenta respectively. 8-Bromosubstituted guanine bases are in hot pink (Geng et al. 2019; Liu et al. 2019) of the sequence, the donor-acceptor directionalities in each individual G-quartet, and the conformations of the lateral loops.
The discovery of novel G-quadruplex forms expands our knowledge of the diversity of the human telomeric Gquadruplex and the surge in the studies of the folding pathways including the relevant intermediates of G-quadruplex formation for which structural characterization has remained elusive. Especially, these novel structures are invaluable for the improvement of current G-quadruplex predictive tools as well as for computer-aided anti-cancer drug screening and design.
G-quadruplex formed by ALS and FTD related GGGGCC sequence
Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are fatal degenerative neurological diseases which have a singular genetic and pathological background (Lillo and Hodges 2009; Rademakers et al. 2012; Rowland and Shneider 2001) . It has been demonstrated that the abnormal expansion of a GGGGCC (G4C2) hexanucleotide repeat (HRE) in the first noncoding region of C9orf72 gene was the most important genetic cause of ALS and FTD (DeJesusHernandez et al. 2011; Majounie et al. 2012; Renton et al. 2011) . And C9orf72 HRE DNA and RNA were found to be able to form noncanonical secondary structures, such as DNA or RNA G-quadruplexes and DNA/RNA hybrids, which may pause and abort transcription resulting in the loss of full-length RNA transcripts and accumulation of abortive RNA transcripts (Cammas and Millevoi 2017; Fratta et al. 2012; Haeusler et al. 2014; Kumar et al. 2016; Reddy et al. 2013 ). This could be the basis for a mechanistic model for the neurodegenerative disease of ALS/FTD.
Great efforts have been devoted to investigate C9orf72 HRE G-quadruplexes (Brcic and Plavec 2015; Haeusler et al. 2014; Sket et al. 2015; Zamiri et al. 2015; Zhou et al. 2015) . The C9orf72 HRE DNA with different lengths was shown to adopt different G-quadruplex topologies by circular dichroism (CD) DNAs. anti and syn guanines are colored in cyan and magenta respectively Zhou et al. 2015) and NMR approaches (Fig. 2a-b) . The d(G4C2)G4 formed an unreported dimeric parallel G-quadruplex in which all guanines adopt syn conformation indicated by CD spectroscopy (Fig. 2a  and c) . The d(G4C2) 4 formed an intramolecular antiparallel Gquadruplex (Fig. 2d) . However, d(G4C2) 2 , d(G4C2) 2 , d(G4C2) 3 , and d(G4C2) 5 formed mixed G-quadruplexes topologies potentially including parallel, antiparallel, and other forms based on CD and NMR spectrum (Haeusler et al. 2014; Zhou et al. 2018; Zhou et al. 2015) . Especially, the topology of d(G4C2) 4 (Zhou et al. 2015) and the solution structure of a bromo-substituted (G4C2) 3 G4 DNA, d[(G4C2) 3 GGBrGG] (Brcic and Plavec 2015; Brcic and Plavec 2018) were solved by NMR spectroscopy. Both of the two sequences formed the antiparallel four-layer chair-type G-quadruplex (Fig. 2d) . In summary, the C9orf72 HRE DNA Gquadruplexes present variation in the sequence with different lengths which can adopt different G-quadruplex folds including parallel, antiparallel, and even hybrid (3 + 1) form.
Previous findings suggested that the parallel topology is adopted by most C9orf72 (G4C2) n RNAs (Haeusler et al. 2014; Sket et al. 2015; Zhou et al. 2015) . However, the structure of the parallel G-quadruplex formed by RNAs still remains elusive.
One general approach taking advantage of the stabilization of G-quadruplex structures by small molecules has been proposed for therapeutic purposes (Simone et al. 2015) . Therefore, the structural details of these C9orf72 (G4C2) n RNA/DNA G-quadruplexes are crucial to develop ligands which can achieve sufficient specificity to recognize unique G-quadruplex fold conformations for ALS/FTD and individual therapeutic purposes.
Conclusion
The canonical double helix structure of DNA was regarded as the only structure that allowed normal physiological function. Now, it is well known that G-quadruplexes are normal structures in human cells with convincing evidence supporting their regulatory roles and implications for disease. Although a multitude of novel G-quadruplex structures implicated with diseases are still being elucidated, the emerging role of Gquadruplexes in neurodegenerative diseases promises that it will be an exciting future area of investigation which should represent a change in pharmacotherapy of G-quadruplex related diseases. These works were supported by GRF (16103714, 16104315, 16118416, and 16103717) , VPRGO17SC07PG, 1419-281-0091-41000, and AoE/M-403-16.
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